Summary Fatty foods are very palatable. Most mammals, including humans, prefer highfat food to low-fat food. Neuropeptides and neurotransmitters, which are related to the hedonic or aversive response in the brain, are released after a basic tastant (i.e., sweet, sour, salty, bitter or umami) is accepted by the taste receptors in the taste bud cells. In addition, recent evidence suggests that dietary fat, especially free fatty acids, may be perceived chemically in taste bud cells as well as the basic tastant. Recently, it was suggested that longchain fatty acids accepted into CD36/FAT, a long-chain fatty acid transporter, in circumvallate papillae of the tongue play an extremely important role in the palatability of dietary fat. In this review, we describe the studies on the reception of fatty acids in the oral cavity, and on the signal transmission from the oral cavity to the brain. We hypothesize that long-chain fatty acids are recognized on the tongue, and then neuropeptides and neurotransmitters such as ␤ -endorphin and dopamine are released in the brain. We suggest that this knowledge is one of the mechanisms of the palatability of dietary fat.
We do not know what makes fats so tasty. Mammals, including humans, like foods abundant in oil and fats very much. Low-calorie foods are unsatisfactory. People find dietary oil and fats highly palatable, and their ingestion has become an infatuation.
The mechanism by which people become infatuated with dietary fat is becoming clear. For a food infatuation to form, signals must be transmitted from the tongue, mouth, or gastrointestinal tract to various brain domains. Although people cannot feel the taste or smell of dietary oil and fats clearly, fat is nevertheless very tasty. Dietary oil and fats do not stimulate the taste in the classic sense of tasting, which is a paradox. In this review, we discuss how dietary oil and fats are recognized by the peripheral tissues and the central nerves. We also consider the palatability of dietary oil and fats based on it.
Preference in Dietary Fat
Generally, people prefer high-fat foods to low-fat foods. This phenomenon is based on animal instinct. Therefore, an experiment using laboratory animals is also appropriate.
Smith et al. compared the taste of high-fat foods, high-protein foods, and high-carbohydrate foods using 13 strains of mice ( 1 ) . Ten strains of mice preferred the high-fat foods over the other selections. Takeda et al. clearly showed by a two-bottle selection experiment that Wistar rats prefer to ingest oleic acid, linoleic acid and linolenic acid from vehicle ( 2 ). The rats preferred fatty acids to triglycerides. Imaizumi et al. showed that a mouse was attached to 100% corn oil using the conditioned place preference (CPP) method ( 3 ). Ward and Dykstra showed that corn oil was a reinforcer for a mouse using the operant conditional examination ( 4 ).
Reception of Dietary Fat in the Tongue
The appraisal method for palatability in animals and the brain region related to discrimination of palatability is outlined in an earlier review ( 5 ). Ever since Pavlov first reported that chemical and physical stimuli in the oral cavity and esophagus reflexively triggered an immediate transitory elevation in digestive juice secretion in the digestive tract, many reports have discussed the cephalic phase of pancreatic enzyme secretion in response to taste stimuli ( 6 -11 ). Ohara et al. showed that the cephalic response was observed only in response to palatable taste stimuli ( 9 -11 ). More recently, Berthoud et al. reported that a similar transitory elevation in insulin secretion is the response to sweetness stimuli in the oral cavity ( 12 ). Taste aversion learning against sweetness caused a loss of the cephalic insulin release in response to sweetness ( 13 ). If fat is first recognized in the oral cavity as desirable, the cephalic phase of pancreatic enzyme secretion should be observed.
Hiraoka et al. revealed that orally administering fats to animals with the esophagus surgically diverted outside the body, away from the stomach, induces the cephalic phase of pancreatic enzyme secretion, clearly indicating chemical reception of the fats in the oral cavity as desirable ( 14 ). After rats had recovered from this surgical procedure, administering 0.2 mL of sucrose (0.3 M ) in the oral cavity produced a transitory elevation in pancreatic enzyme secretion from the pancreas into the duodenum. The same amount of oleic, linoleic, and linolenic acids, archetypical fat constituents in foodstuffs, produced similar elevations, as did arachidonic acid. The three fatty acids (oleic, linoleic, linolenic) with methylated carboxyl groups, however, did not produce this response. Neither did caprylic acid, a fatty acid with a short carbon chain. Corn oil produced this response, but trilinolein did not.
These results closely match those obtained from past behavioral experiments into short-term selectivity offering subject rats a choice of two bottles ( 15 ). The rats chose the three long-chain fatty acids (oleic, linoleic, linolenic) and corn oil over vehicle solution, but not triolein, trilinolein, caprylic acid, or the same three fatty acids with methylated carboxyl groups. Together, these results suggest that the stimulation by fatty acids in the oral cavity may provide the chemical information underlying such selective behavior and that the relevant chemical information includes at least fatty acid chain length and the presence or absence of carboxyl groups. Although the presence of fatty acids and fat-soluble admixtures or impurities, olfactory stimuli, and other potential factors block ready interpretation of the different responses to corn oil and trilinolein, both of which have triacylglycerides as their primary constituents, it is still interesting to note that the cephalic pancreatic response nonetheless matches the results from behavioristic observations. Behavioral experiments with ester-exchanged triacylglycerides have, however, revealed that the effects are not due to the fact that triolein and trilinolein consist entirely of the same fatty acid.
Electrophysiological Recording
To demonstrate that fatty acid chemical information has a bearing on the perceived fat, we devised twin experiments, one test to establish, using electrophysiological recording, that taste receptor cells generate such information, and a behavioristic test to establish that blocking this information causes the animal to lose the ability to discriminate fats as desirable. Dripping fatty acids on the tongue failed to trigger any electrical response from the chorda tympani nerves leading from the fungiform papillae distributed over the lower anterior portion. Simultaneously administering sucrose or glutamate with the fatty acids and triglycerides had no effect on the taste response from the chorda tympani nerves to these substances. Neither did it have any modifying action on taste stimuli. There were characteristic responses, on the other hand, to the fatty acids from the glossopharyngeal nerves leading from the circumvallate and foliate papillae taste buds distributed over the posterior portion of the tongue ( 16 ).
Fukuwatari et al. reported that bilateral glossopharyngeal nerve transection rats lose their appetite for fats ( 17 ), which suggests that fatty acids, included in the dietary fat or once converted from fat, trigger chemical reception in the oral cavity and that the glossopharyngeal nerves transmit this information to the brain. The fact that cells recognize fats in the form of long-chain fatty acids, but not triglycerides, has been confirmed in many organs, cells producing gastrointestinal hormones ( 18 ), the small intestine ( 19 ), small intestine culture cells ( 20 ), smooth muscle ( 21 ), and skeletal and cardiac muscles ( 22 ), for example. Recent research even suggests the possibility that linoleic acids serve as the light receptor transmitters in the drosophilae visual system.
Mechanisms Underlying the Reception of Fatty Acids
Circumstantial evidence has begun to accumulate that may explain the mechanisms underlying the reception of fatty acids. Gilbertson et al. have clearly demonstrated, using a patch clamp technique, that polyunsaturated fatty acids impede delayed-rectifying potassium polarization in tongue taste bud cells ( 23 ). More recently, Fukuwatari et al. revealed that immunoreactivity for membrane binding long-chain fatty acid transporter (FAT) was specifically localized in the apical part of taste bud cells, possibly gustatory cells, in the circumvallate papillae ( 24 ). Together, these results support the theory that in rodents the tongue's chemical reception of fats centers not on triglycerides, the energy storage form, but on the more metabolically active form, namely fatty acids.
That fat recognition relies on fatty acids instead of the triacylglycerides that generally constitute the bulk of fats in foodstuffs comes as a surprise. Because circumvallate papillae taste bud cells are immersed in a secretion from von Ebner's gland in the vicinity of the base ( 25 ), however, we posit that the lingual lipase in that secretion splits the triacylglycerides into fatty acids during the brief interval before they reach those cells ( 26 ) .
At the same time, however, the fact that both corn oil and mineral oil stimulate sham feeding in rats with a fistula inserted in the esophagus ( 14 ) probably means that triacylglycerides, although not chemically received, are recognized by their texture. More recently, Rolls et al. ( 27 -29 ) supported the importance of texture as a cue of fat reception. Pure, fresh long-chain fatty acids are flavorless, so it is not immediately clear whether the chemical reception of fats resembles the general taste stimuli.
Behavioral Aspects
Fushiki and Kawai showed that CD36/FAT null mice did not recognize fatty acids (oleic and linoleic acid) in the oral cavity in short-term two-bottle choice tests for 10 min ( 16 ). Wild-type mice showed a significant preference for long-chain fatty acids but not for middlechain fatty acids or methyl esters. Laugerette et al. supported our reports that CD36/FAT null mice did not recognize linoleic acid in the oral cavity in two-bottle choice tests for 30 min and 1 h ( 30 , 31 ) . These results suggested that CD36/FAT acts as a taste sensor for longchain fatty acids, which are the major form of fat involved in preferable taste.
From the Oral Cavity to the Brain
Generally, palatable food ingestion stimulates the brain's reward system ( 32 , 33 ) , so it could very well be that the chemical reception of fats in the oral cavity bypasses the traditional flavor mechanism to directly induce a hedonic impact of rewarding stimuli. Elucidating the flavor appeal of fats will therefore require more in the way of multifaceted research for designing satisfactory fat substitutes. We showed that ␤ -endorphin, an opioid peptide, was released 15 min after fat intake in a radioimmunoassay study ( 34 ) . Furthermore, Liang et al. revealed that dopamine in the nucleus accumbens was released during sham licking of 100% corn oil in a microdialysis study ( 35 ) . These results suggested that signals of dietary fat were accepted in the oral cavity and transmitted to the brain, and neuropeptides and neurotransmitters such as ␤ -endorphin and dopamine were released just after fat intake.
Conclusion
Dietary fat is tasteless, but mammals including humans prefer a high level of fat rather than a low level of fat in foods such as ice cream, hamburgers, steaks and mayonnaise. Dietary fat is recognized in the oral cavity, and the signals are transmitted to the brain. Despite the fact that dietary fat is not a basic tastant, it stimulates the tongue. Reception of long-chain fatty acids into CD36/FAT contributes to the stimulation. However, the detailed mechanism of the network among the oral cavity, gastrointestinal tract, and brain, all of which are involved in the formation of the palatability of dietary fat, is still unclear. Additional studies will be needed to clarify the mechanism. rier of gustatory stimulation on the cephalic phase of canine pancreatic secretion. 
